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Abstract—In this paper, we review and discuss advanced
algorithms for synthetic aperture radar image formation, the
effect of motion perturbation on radar imaging, synthetic
aperture radar imaging of ground moving targets, and micro-
Doppler feature analysis.
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I. INTRODUCTION

Synthetic aperture radar (SAR) generates a range and
cross-range image when radar is moving. Inverse synthetic
aperture radar (ISAR) is a variation of the SAR that
generates a range-Doppler image of targets by coherently
processing radar returns at different target aspect angle due
to relative motions between the radar and the target [1].

The distribution of radar reflectivity over a target can be
measured through the Doppler spectrum at each range bin by
taking the Fourier transform over the phase history time
series. If the motion or rotations are accompanied by
perturbations, the phase of the returned signal becomes non-
linear. Thus, the image of the target may be degraded when
using the conventional imaging algorithms. Recent efforts
in ISAR polar reformatting, super-resolution spectral
analysis and time-frequency based image formation offer
improvements in radar imagery over the commonly used
Fourier transform approach. Study of the effect of motion
perturbations on ISAR imaging is important. In this paper,
commercial small craft accompanying with the GPS
information is used to study this effect.

For SAR, if there are moving objects in the scene, it
cannot simultaneously produce clear images of stationary
objects as well as moving objects. The moving object
appears as defocused and spatially displaced one
superimposed on the SAR scene. The important issue is
how to detect and focus images of a moving target in SAR.
Moreover, because of the additional Doppler caused by
target’s motion, the detected and focused target may not be
located in its true location in the SAR scene. Many
algorithms have been proposed to re-locate the detected
target to its true location: some uses a single channel antenna
and some uses multiple antennas.
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Micro-motion dynamics of a target or structures on the
target may induce frequency modulations on the returned
signal and generate side-bands about the target’s Doppler
frequency shift, called the micro-Doppler effect. This
effect enables us to determine some properties of targets.

This paper is a review of advanced radar image
formation algorithms, the effect of motion perturbations on
radar imaging, SAR imaging of ground moving targets,
and micro-Doppler in radar.

Il. RADAR IMAGE FORMATION AND SUPER-
RESOLUTION

The basic algorithm for a SAR/ISAR image formation
is the range-Doppler processing [2]. Modern motion
compensation techniques can provide good focus for a
limited number of scatterers on the target. To achieve a
fully focused ISAR image, the problems dealing with
target rotation and scatterers’ migration through range cells
need to be addressed. ISAR Polar reformatting was
proposed for this purpose.

The common method for Doppler processing is the
Fourier transform. For short data sets, where the Fourier
processing has bias in frequency estimate and a loss of
precision, super-resolution approaches can be used to
enhance the Doppler resolution. Further more, when
Doppler spectrum becomes time-varying, a time-frequency
based image formation may be used to replace Fourier
method and generates clear images of targets.

A. ISAR Polar Reformatting

Polar reformatting is an image formation technique
based on tomography. It involves reconstructing the spatial
representation of an object by applying the Fourier
transform to a set of observations, each being a projection
of the object onto a line, taken over a series of aspect
angles. This series of observations populates a region of
Fourier space and can be used to reconstruct an image of
the object by applying inverse Fourier transforms.

Polar reformatting techniques have been developed in
spotlight SAR imaging [3] and has been adapted for use in
ISAR imaging [4]. A received radar pulse is the projection
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of the electromagnetic scattering from the target onto the
radar line-of-sight (LOS) and can be used for this technique.
The difference between tomographic reconstruction using
radar signals and traditional tomographic reconstruction is
that the radar's signal is modulated by the carrier frequency.
As a result, the Fourier transform of the radar pulse produces
a line segment in the 3-D Fourier space that is offset from
the origin by the carrier frequency at an angle determined by
the angle of the radar LOS. As successive pulses are
received and the aspect between the radar and the target
changes, the line segment sweeps out a data surface in 3-D
Fourier space as shown in Figure 1. Once the data surface is
formed, an image is reconstructed by transforming the
surface into the spatial domain using a variety of techniques
developed for SAR.

The polar reformatting process for ISAR imaging is
similar to that for spotlight SAR imaging. The main
difference is that in ISAR processing the motion of the target
provides the change in aspect necessary for Doppler
processing, whereas in spotlight SAR the change in aspect
comes from the motion of the radar. As a consequence of
this difference, the aspect change between the radar and the
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target is both unknown and uncontrollable in the ISAR
imaging. Because the aspect change defines the shape of
the data surface, the rotation of the target must be
determined before polar reformatting can be used to
process the data into imagery. Instead of modeling the
target motion, we model the data surface directly and use
measurable scatterer motion quantities, such as range,
Doppler and translation acceleration, to estimate the data
surface model parameters. We chose a quadratic data
surface model that uses fewest parameters but still allowed
us to compensate for the majority of non-linear rotational
motion in the target. W.ithin the surface, the spacing
between the data line segments is also modeled as a
quadratic function. In this model, there are two parameters
of interest: the quadratic term representing the curvature of
the data surface, called the out-of-plane acceleration, and
the quadratic term representing the line segment spacing,
called the in-plane acceleration.

The implementation of this technique involves
measuring the target motion from the data, estimating
parameters for the data surface model, projecting the data
surface onto a planar surface, re-interpolating the data into
equally spaced samples, and performing the inverse
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Figure 1 Representation of the received radar pulses for a rotating target in the spatial and Fourier
domains.

Before polar reformatting

After polar reformatting

Figure 2. Examples ISAR imagery of a ship showing the improvement in image quality using polar
reformatting.
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Fourier Transform. Figure 2 shows the comparison of
imagery produced by the conventional and the polar
reformatting method and the improvement in the image
quality can be seen. Polar reformatting can produce high
quality imagery even in conditions with significantly
complex target motion.

B. Modern Spectral Estimation

Since the motion dynamic of the target is unknown,
using longer observation time is not desirable. Problems
with small data sets using the Fourier transform are bias in
the estimate and a loss of precision due to the spoiling of the
instantaneous frequency with the convolution by the
broadness of the imposed window function. However, as the
observation interval shrinks the assumption that the Doppler
frequency of the scatterers does not change during the
observation becomes more valid.

FFT image

Super-resolution image

Figure 3 FFT vs. AR Doppler image.

At a given instant, radar return from a point scatterer
will have a single phase delay and frequency offset,
depending upon its range and instantaneous LOS velocity
respectively. Such a signal, a sinusoid in noise, can be
modeled as an auto-regressive process, and there are useful
relationships between AR processes and their spectra.
Marple [5] expands upon the variety of approaches

exploiting these characteristics. His modified covariance
spectral estimation technique has yielded excellent results
for ISAR imaging. The localization and sharpening is
called super-resolution. Figure 3 illustrates the more
tightly resolved Doppler characteristic of super-resolution
images compared to FFT images [6]. Super-resolution
radar imaging using modern spectral estimation can also
be found in [7-10].

C. Time-Frequency Based Image Formation

The conventional radar imaging system is based on
the Fourier transform and assumes that Doppler shifts are
constant. However, when Doppler spectrum is time-
varying, Fourier based images become blurred and time-
frequency transforms should be used to generate clear
images of moving targets [11-13].

Figure 4 illustrates the time-frequency based radar
imaging system. The standard motion compensation is
used prior to the time-frequency image formation. The
Fourier-based image formation generates only one image
frame from an MxN 1/Q data. The data consists of M time
history series, each having length of N. However, the
time-frequency based image formation takes the time-
frequency transform for each time history series and
generates an NxN time-Doppler distribution. By
combining the M time-Doppler distributions at M range
cells, the NxMxN time-range-Doppler cube Q(ry.f..t,) can
be formed as

Q(fm, fr tn) =TF{G{rn(M}}
where TF denotes the time-frequency operation with
respect to the variable n.

At a particular time instant t;, only one range-Doppler
image frame Q(rn,, f., t,= t) can be extracted from the
cube. There are a total of N image frames available, and
every one represents a full range-Doppler image at a
particular time instant. Therefore, by replacing the Fourier
transform with the time-frequency transform, a 2-D range-
Doppler Fourier image frame becomes a 3-D time-range-
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Figure 4. Block diagram of time-frequency based image formation.
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Doppler image cube. The integration of the N time frames is
the Fourier image. By sampling the image cube in time, a
time sequence of 2-D range-Doppler images can be viewed.
Each individual time-sampled frame from the cube provides
not only a clear image with superior resolution but also time-
varying properties from one time to another as shown in
Figure 5.

FFT based image formation Time-frequency based image formation

Doppler Doppler

Figure 5. Comparison of FFT based image and time-frequency based
image.

I1l. THE EFFECT OF MOTION PERTURBATIONS ON
ISAR IMAGING

A target can be considered as a rigid body with 6
degrees of freedom: three translations along x,y,z directions,
and three rotations — roll, pitch and yaw. The roll, pitch, and
yaw motions are described by a rotation matrix R6,.6,.6,)
which is a function of the roll angle 6, pitch angle 6,, and
yaw angle 6. The instantaneous position vector T of a
scatterer at time t is determined by its previous position I

at time t, and the rotation matrix. The Doppler shift is [14]

o =LQ dx(,.6,.6,) Fof
c dt

d%(o,.6,.6,)
dt

pitch and yaw on Doppler shift of the scatterer at the

location T .

When the target has perturbations in addition to its
regular rotations, the conventional phase correction
procedure is not suitable for correcting the additional
phase errors, and the target may drift out from one range-
Doppler cell into another. Thus, the ISAR image may
become smeared.

A commercial small craft was used to study the effect
of motion perturbation on ISAR images. The small craft
data was collected by a X-band radar operating at 9.25GHz
and transmitting a linear FM waveform with 500 MHz
bandwidth or 0.3m range resolution. The coherent image
integration time is 0.64s with 128 pulses. The roll, pitch
and yaw rotations were obtained by on-board global
positioning systems. These rotations can be used to
investigate how the attitude and dynamics of the small
craft can affect ISAR images.

From the corresponding GPS data, the actual roll,
pitch and heading rotations are shown in Figure 6(c).
Figure 6(a) shows a reconstructed clear image from one
segment of the radar data. Figure 6(b) is the result from
another data segment. The large perturbations of the roll,
pitch and yaw angles cause image smearing. Image
generated from the segment near 320,266 GPS-sec is
smeared where large perturbations in the roll, pitch, and
yaw angles can be seen. We can also see that image
generated during the segment, where changes of the roll,
pitch and yaw angles are relatively smaller, is a clear
image. Thus, from the attitude measurements, we can
estimate whether images can be reconstructed by using
conventional algorithms.

where determines the effect of the roll,
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Figure 6. Effect of motion perturbation on ISAR images.
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IV. SAR IMAGING OF GROUND MOVING TARGETS

SAR cannot simultaneously produce clear images of
stationary targets as well as moving targets. Moving targets
appear as defocused and spatially displaced objects
superimposed on the SAR scene. In these cases, an
important issue is the ability to detect and focus images of
moving targets [13,15].

(X3yo) ,a
e

'y

Figure 7. SAR imaging of ground moving targets.

A. The Effect of Target Motion on SAR Image

When the radar platform is moving along the azimuth
direction at an altitude, and a point target at range Ry is
moving with a velocity v, and an acceleration a, in the radial
direction, and a velocity v, and an acceleration a, in the
azimuth direction as shown in Figure 7, then the Doppler
shift of the returned signal consists of two parts: the part due
to the radar motion
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where the first term is the Doppler centroid and the second
term is the Doppler rate induced by target motion.

Given a radar velocity v and an initial range from the
radar to the target Ry, the Doppler rate of the moving target
is determined not only by its geometric location (Xo,Yo) but
also by its velocity and acceleration. If the Doppler rate
cannot be compensated, then the image of the moving
target becomes defocused.

The quadratic phase variation between the target and
the radar causes de-focusing of the moving target's image.
When stationary objects are well focused, image of
moving targets become de-focused and shifted in the
cross-range direction.

To estimate the target's velocities and relocate mis-
located moving targets, multiple-antenna (such as
interferometry, planar apertures, or antenna array)
approaches were proposed. Ground moving target
indicator (GMTI) using multiple antennas has been
proposed to reject radar returns from clutter and to detect
moving target [13]. Single channel approach to GMTI was
also studied [16].

B. Analysis of Ground Moving Target Data

Figure 8 shows a SAR image generated from X-band
radar data without GMTI. We analyzed two small regions
showing smeared structures along the cross-range
direction. The region no.1 is located within range cells
from no. 901 to no.964 and the region no.2 is from

(a) Image of target t

Target L

(b) Time-frequency signature

of target 1 (moving)

frequency (Hz)

077002 004 006 0.08 0.1, 0.1240. P 0.1
time (sec) +
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Figure 8. SAR images of ground moving targets.
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no.1201 to no.1264. After focusing with phase correction,
the image of the target in the region no.1 can be formed as in
Figure 8(a). To further analyze the target, we take a small
area around the target with 30 range cells and 100 cross-
range cells. We analyze 100 pulses at range cell no.18, and
the time-frequency signature is shown in Figure 8(b), where
a ramped time-frequency signature indicates that the target is
moving. For the region no.2, we have the time-frequency
signature in Figure 8(c), where a flat time-frequency
characteristic means the target is stationary. Time-frequency
signatures can be used to distinguish moving targets from
stationary targets and help in the detection of moving
targets.

V. RADAR MICRO-DOPPLER FEATURE ANALYSIS

The micro-Doppler effect was originally introduced in
coherent laser radar systems. In a coherent system, the
phase of a signal returned from a target is sensitive to the
variation in range. In many cases, a target or any structure
on the target may have vibrations or rotations, called the
micro-motion dynamics, in addition to its translation. The
source of rotation or vibration may be a rotor of a helicopter,
natural mechanical oscillations in a bridge or a building, an
engine-induced vibrating surface, or other causes. The
micro-motion dynamics produce frequency modulation on
the backscattered signal and induce additional Doppler shifts
to the Doppler frequency of the translation.

In microwave radar, micro-Doppler effect can also be
observed. If the target is undergoing a vibration or rotation
in addition to translations, then the Doppler frequency shift
generated by the vibration or rotation is a time-varying
frequency function and imposes a periodic, time-varying
modulation onto the carrier frequency. Micro-Doppler can
be regarded as a unique signature of the target and provides
additional information that is complementary to existing
methods [13,17].

To exploit these unique features of targets, traditional
analysis, such as the Fourier transform or the sliding window
FFT may not possess the necessary resolution for extracting
these features.  Therefore, high-resolution analysis is
necessary for extracting micro-Doppler information.

The micro-Doppler frequency induced by rotations can
be expressed as

f

radial

2f
MicroDoppler — T[a)x r]

where @ is the rotation angular velocity and [ is the
position vector of a point scatterer. We can see that the
micro-Doppler of a point scatterer is usually a periodic
frequency function of time.

A. Radar Micro-Doppler Feature of A Walking Man

Micro-Doppler effect of a walking person was also
observed in radar reported in [17,18]. In [17], the radar
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measurement data was collected by a rooftop X-band radar
(data provided by Norden Systems, Northrop Grumman).
A man walks towards a building at a speed of about 1.8
m/sec as illustrated in Figure 9(a).

The range profile has 64 range cells and the number of
pulses is 1024 collected at a pulse repetition frequency of
800 Hz. Figure 9(b) shows a radar range-Doppler image
of the walking man using 64 range-cells and 128 pulses,
where the hot spot in the image indicates the body of the
walking man. We also noticed that there are smeared lines
running across the Doppler direction around the body of
the walking man at the range cell no.12.

@

walking
man

200 150 100 50 0 -50 -100 -150
(C) Doppler

Doppler Frequency (Hz)

Swinging arms
(Micro-Doppler)

0.2 04 06 0.8 1 12
Time (sec)

Swinging rate: 1.2 c/s

<

Figure 9. Radar micro-Doppler signature of a walking man.

By applying a time-frequency transform to the
complex phase history data at range cell no.12, the body
Doppler shift and the micro-Doppler shift of the swinging
arms can be clearly detected in the joint time-frequency
domain. The Doppler shift of one arm is higher and the
other is lower than the body Doppler frequency shift.
Superposition of time-frequency signatures over all range
cells, which correspond to different walking steps, give a
full time-frequency signature of the walking man as shown
in Figure 9(c). We can see that the body’s Doppler shift is
almost constant but the arm’s micro-Doppler shift is a
time-varying periodic curve. From the available time
information, the swinging rate of the arm can be estimated
and is about 1.2 cycle/sec.

B. Radar Micro-Doppler Feature of Oscillating Corner
Reflectors In SAR Scene



For SAR imaging, oscillating objects may cause phase
modulation of the azimuth phase history data. The phase
modulation can be seen as a time-dependent micro-Doppler
frequency shift. Based on micro-Doppler signatures in the
time-frequency domain, we can calculate the oscillating
frequency and amplitude of oscillating corner reflectors in
the SAR scene.

Figure 10(a) is a part of SAR scene taken by X-band
SAR operating at 9.6 GHz and a pulse repetition frequency
of 1,000 Hz. There are two corner reflectors shown in
Figure 10(b) and located at range cell n0.393 and no.400.
Using the phase history data at the range cell no.393, by
suppressing the ground clutter returns, the micro-Doppler
signature of the oscillating corner reflector can be seen in
Figure 10(c). It shows that the oscillation rate of the corner
reflector is 2 Hz and the amplitude of the oscillation is 1.5
mm. The micro-Doppler signature of the phase history data
at the range cell n0.400 shown in Figure 10(d) indicates that
the corner reflector at the range cell no. 400 is vibrating at
multiple vibration rates.

IV. SUMMARY

In this paper, we reviewed advanced radar image
formation and super-resolution, the effect of motion
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perturbation on ISAR imaging, SAR imaging of ground
moving targets, and radar micro-Doppler effect.
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